Introduction {#sec1}
============

Cancer is a physiologically and genetically diverse disease, resulting in abnormal cellular proliferation. Cancer cells have altered biological pathways and microenvironment that support this proliferation. These changes have been widely studied and some categorized as *hallmark* features of cancer because they are common to many types of genetically diverse tumors ([@B1]) and affect important aspects of cancer progression and therapy. Among the identified hallmarks, deregulation of metabolism and poor vascularization are main contributors to altered intra- and extracellular pH within tumors ([@B1]--[@B4]). Altered tumor pH, in particular the intracellular-to-extracellular pH gradient, is an important factor that drives cancer progression, by enhancing oncogene expression, increasing metastatic potential, and altering drug efficacy ([@B5]--[@B8]).

Cellular pH gradient is defined as the difference between intracellular pH (pH~i~) and extracellular pH (pH~e~). In normal tissue, pH~i~ is ∼7.2 and pH~e~ is ∼7.4 ([@B7], [@B9], [@B10]), resulting in a negative pH gradient (approximately −0.2) across the cellular membrane. In contrast, tumor cells possess a positive pH gradient (∼0.5), where pH~i~ is ∼7.4 and pH~e~ is ∼6.9 ([@B7]--[@B9], [@B11], [@B12]). This reversal of the pH gradient is the result of modified cellular metabolism, which promotes tumor cell growth and invasion. Most cancer cells rely on aerobic glycolysis \[Warburg effect ([@B13], [@B14])\] to generate energy for cellular function. This results in increased production of protons and lactate and would lead to a reduction in intracellular pH ([@B4]), which would normally damage a cell. However, tumor cells actively maintain homeostasis by transporting protons and lactate into the extracellular space ([@B15]). Inefficient tumor vasculature cannot support the bicarbonate/carbon dioxide buffer system, so the extracellular space of tumor becomes more acidic ([@B15]). This leads to the destruction of the extracellular matrix, promoting tumor cell invasion and eventually metastasis ([@B7]). Furthermore, excretion of excess carbon as lactate may be an effective means of incorporating carbon into biomass, supporting increased cellular proliferation ([@B16]).

Several noninvasive imaging techniques have been developed to quantify intra- and extracellular tissue pH ([@B11]). In this study, intracellular tissue pH was measured using a novel chemical exchange saturation transfer (CEST) magnetic resonance imaging (MRI) technique called amine and amide concentration-independent detection (AACID) ([@B17]). This method exploits the differential pH dependence of the exchange rate of amine and amide protons with bulk water to measure pH. A CEST image is produced to determine the ratio of the amine-to-amine CEST effect, which can be converted into the measurement of intracellular pH from a separate calibration ([@B17]). Extracellular tissue pH was measured with hyperpolarized ^13^C magnetic resonance spectroscopic imaging (MRSI). The use of ^13^C-labelled bicarbonate as a contrast agent to evaluate pH~e~ was previously reported in the literature ([@B18]). Hyperpolarized ^13^C bicarbonate is injected into the vasculature, and after circulation, it reaches the tissue of interest where it exchanges with the pre-existing bicarbonate/carbon dioxide pool under carbonic anhydrase activity. Extracellular pH can be derived from the Henderson--Hasselbalch equation using the ratio of ^13^C bicarbonate and ([@B13]) CO~2~ measured by ^13^C MRSI. By serially combining these approaches, the pH gradient of tissue can be mapped and quantified in the same preclinical model.

This study followed the progression of the pH gradient of tumor cells in an untreated orthotopic rodent model of glioma. C6 rat glioma tumors exhibit rapid growth, vascularization, and invasion ([@B19]). Previous studies have noted that these tumors develop necrotic cores and exhibit regional hypoxia ([@B19], [@B20]). Adequate vascularization facilitates effective delivery of hyperpolarized ^13^C bicarbonate to the tumor. For such an aggressive tumor model, significant changes in the pH gradient are expected over time, making it an ideal solid tumor model for longitudinal studies of tumor pH.

The purpose of this study was to measure and characterize longitudinal changes in the tumor pH gradient. Several studies have measured pH of tissue using techniques described above ([@B17], [@B18], [@B21]--[@B23]). However, no longitudinal study has measured both pH~e~ and pH~i~ consecutively to map regional differences and temporal changes in pH gradient in an untreated tumor. We hypothesized that the pH gradient would increase over time as the tumor increases in size. Having knowledge of pH gradient and selecting appropriate therapy are vital for tumor characterization, as the outcome of therapy can be dependent on pH. The results of this study provide insight regarding changes in tumor pH linked to aggressive growth.

Methodology {#sec2}
===========

^13^C Bicarbonate Sample Preparation {#sec2-1}
------------------------------------

^13^C cesium bicarbonate (95% enriched; Sigma Aldrich, Miamisburg, OH) was dissolved in a 4:1 glycerol and deuterium oxide mixture at a final concentration of 6.3 mol/L. In addition, OX63 trityl radical (Oxford Instruments, Concord, MA) and ProHance gadolinium contrast agent (Bracco Diagnostics, Monroe Township, NJ) were added to the sample at final concentrations of 25 mmol/L and 0.5 mol/L, respectively. The final mixture was heated to 60°C and stirred to dissolve. The resulting bicarbonate preparation was stored at −4°C for later use.

Hyperpolarization {#sec2-2}
-----------------

^13^C cesium bicarbonate was hyperpolarized using dynamic nuclear polarization (HyperSense, Oxford Instruments, Abingdon, UK). The bicarbonate sample was cooled to 1.4 K at 3.3 T in the dynamic nuclear polarization apparatus and irradiated with 50 mW of microwave radiation at a frequency of 94.123 GHz to transfer electronic spin magnetization to the ^13^C-labeled bicarbonate. Approximately 90% solid-state polarization was achieved during 2 h of hyperpolarization. The sample was rapidly mixed with a superheated mixture of 80-mmol/L phosphate buffer (pH = 7.2) and 100-mg/L ethylenediamine tetraacetic acid disodium salt dehydrate (Sigma-Aldrich, St. Louis MO). The resulting hyperpolarized solution had a ^13^C bicarbonate concentration of 150 mmol/L and a pH of 7.4 at 37°C. The in vitro spin lattice relaxation time and polarization values of the ^13^C nucleus were 26.2 ± 1.4 s and ∼7.5% measured at 3 T ([@B24]).

Animal Model {#sec2-3}
------------

In total, seven Wistar rats weighing ∼250 g (∼5- to 7-week-old) were used in this study. On day 0, the right caudate nuclei of these rats were surgically implanted with a 10-μL suspension containing ∼1 million C6 rat glioma cells. Animals were scanned on days 8, 12, and 15. CEST was performed first using a 9.4-T small animal MRI scanner (Agilent, Santa Clara, CA) to measure pH~i~. Under anesthesia, the animals were then transferred to a 3 T MRI for hyperpolarized ^13^C MRSI to determine pH~e~. All animal procedures were performed in accordance with relevant guidelines and regulations stipulated by an animal use protocol approved by the University Council on Animal Care, Animal Use Subcommittee at Western University.

Chemical Exchange Shift Imaging for Intracellular pH {#sec2-4}
----------------------------------------------------

CEST imaging on the 9.4 T MRI was performed with a 50-mm-diameter volume birdcage coil built in-house. Standard anatomical T2-weighted images were used for tumor localization. The T2-weighted images were acquired using a 2D fast spin-echo pulse sequence (FSE) with the following parameters: field of view (FOV) = 38.4 × 38.4 mm^2^, isotropic in-plane resolution = 0.3 mm, section thickness = 1 mm, repetition time (TR) = 3000 milliseconds, echo time (TE) = 10 milliseconds, echo train length (ETL) = 4, and effective TE = 40 milliseconds. Upon initial tumor detection by MRI, 2 sections from the T2-weighted image data with maximum tumor extent were selected for CEST imaging. Three sequential CEST images were acquired using an FSE sequence with the following parameters: FOV = 38.4 × 38.4 mm^2^, in-plane resolution = 0.6 mm, section thickness = 2 mm, TR = 7000 milliseconds, TE = 7 milliseconds, ETL = 32, and effective TE = 7 milliseconds, preceded by a continuous radiofrequency (RF) pulse with an amplitude of 1.5 μT and a duration of 4 seconds. CEST images were acquired at different saturation frequencies (1.2 to 4.5 \[Δ = 0.1\] ppm, from 5.4 to 6.6 \[Δ = 0.1\] ppm, −1000- and 1000-ppm images were acquired as reference, producing a total of 49 images). For *B*~0~ correction, a water saturation shift referencing (WASSR) technique was used ([@B25]). A linearly spaced 37-point WASSR CEST spectrum with saturation frequencies from --0.6 to 0.6 ppm was acquired using the same pulse sequence except preceded by a shorter-duration RF saturation pulse (100 milliseconds) with low amplitude (0.2 μT). Each WASSR spectrum and CEST spectrum was interpolated to achieve 1-Hz resolution. Each CEST spectrum was then frequency-shifted, using the corresponding WASSR spectrum, to account for *B*~*0*~ variation. *B*~0~ variations were corrected on a pixel-by-pixel basis. The three CEST spectra were summed for each pixel following *B*~0~ corrections to increase signal-to-noise ratio. A *B*~1~ field map was generated using a flip angle imaging pulse sequence (TR = 20 milliseconds, TE = 3.47 milliseconds, echoes = 2, flip angle = 700, FOV = 38.4 × 38.4 mm^2^, matrix size = 64 × 64). Observed *B*~1~ variations in the CEST section were \<5%, and no *B*~1~ correction was applied.

Hyperpolarized ^13^C Bicarbonate MRSI for Extracellular pH {#sec2-5}
----------------------------------------------------------

A switch-tuned ^1^H--^13^C RF coil was used to acquire inherently coregistered proton images and ^13^C MRSI data of the rat models at 3 T ([@B26]). Tumors were identified using a T2-weighted anatomical ^1^H scan of the rat brain using an FSE sequence with the following parameters: FOV = 80.0 × 80.0 mm^2^, isotropic in-plane resolution = 0.3 mm, section thickness = 3 mm, TR = 4000 milliseconds, TE = 85 milliseconds, bandwidth = 10.42 kHz, ETL = 16, and number of averages = 4. Before hyperpolarized ^13^C imaging, rats were injected with 3 mL of buffered hyperpolarized ^13^C bicarbonate solution in a single 12-second bolus through a tail vein catheter. Dynamic ^13^C maps of bicarbonate and carbon dioxide were collected using a spectral--spatial excitation chemical shift imaging sequence \[FIDALL ([@B27])\] with the following parameters: frequency excitations (bicarbonate and CO~2~, 35.5 ppm difference) = 2, FOV = 60.0 × 60.0 mm^2^, isotropic in-plane resolution = 3.5 mm, section thickness = ∼12 mm, TR = 350 milliseconds, and flip angle for bicarbonate/CO~2~ excitation = 5°/90°.

Hyperpolarized ^13^C Bicarbonate MRSI for Extracellular pH Calibration {#sec2-6}
----------------------------------------------------------------------

To calibrate pH measurement from hyperpolarized ^13^C bicarbonate, 4 separate phosphate buffers with different pH values (6.4, 6.6, 6.8, 7.0) were prepared before the experiments. Further, 1 mm of each phosphate buffer was mixed with an equal volume of 200-mmol/L buffered hyperpolarized ^13^C bicarbonate solution. For catalysis, 1 mg of carbonic anhydrase (Sigma Aldrich, Miamisburg, OH), corresponding to ∼2500 Wilbur--Anderson units, was added to each solution as a catalyst. The resulting mixtures were imaged with MRSI at 3 T (General Electric Healthcare Discovery MR750 3.0 T, Milwaukee, WI). Immediately after imaging, the pH of each mixture was recorded using a pH meter (VWR Symphony SB70P digital bench-model pH meter, VWR International, Mississauga, ON, Canada). The pH~e~ image and the correlation between observed and measured pH~e~ are shown in [Figure 1](#F1){ref-type="fig"}.

![Calibration data for different pH-buffered solutions mixed with hyperpolarized ^13^C bicarbonate. A pH map derived from ^13^C magnetic resonance spectroscopic imaging (MRSI) and the corresponding pH values obtained by pH meter (A). The linear regression between measured pH (pH meter) and observed pH (hyperpolarized ^13^C bicarbonate) with *R*^2^ = 1 (B).](tom0011801110001){#F1}

Data Analysis {#sec2-7}
-------------

Data analysis of the CEST and hyperpolarized ^13^C bicarbonate MRSI was performed using MATLAB (MathWorks Inc., Natick, MA). Using *B*~0~-corrected and smoothed CEST spectra, AACID values were measured on a voxel-by-voxel basis. AACID data represent the ratio of the CEST effects of amine protons resonating at 2.75 ppm and amide protons at 3.50 ppm, normalized by magnetization transfer effects measured after saturation at 6.0 ppm and are calculated using the following equation from McVicar et al. ([@B17]): $$\text{AACID} = \frac{M_{z}(3.50ppm) \times (M_{z}(6.00ppm) - M_{z}(2.75ppm))}{M_{z}(2.75ppm) \times (M_{z}(6.00ppm) - M_{z}(3.50ppm))}$$

Here, *M*~*z*~(*f*) is the magnitude of the CEST signal at a specific frequency, *f*. AACID is linearly dependent on pH~i~ and is insensitive to change in T1 relaxation time, temperature, and macromolecule concentration ([@B17]). We calibrated the relationship between AACID and pH in both tumor and contralateral brain regions of interest (ROIs). For hyperpolarized ^13^C bicarbonate MRSI, non-Cartesian *k*-space data were reconstructed into maps of ^13^C-bicarbonate and ^13^C-carbon dioxide ([@B28]). Regional pH~e~ was calculated using the following Henderson--Hasselbalch equation ([@B29]): $$\text{pH}_{e} = \text{p}k_{a} + \log_{10}\frac{\lbrack HCO_{3}^{-}\rbrack}{\lbrack CO_{2}\rbrack}$$

Here, pH~e~ is the extracellular pH, p*k*~*a*~ (6.17) ([@B29]) is the base-10 logarithm of the acid dissociation constant of carbonic acid, and \[*HCO*~*3*~^−^\] and \[*CO*~*2*~\] are the concentrations of bicarbonate and carbon dioxide, respectively. The bicarbonate-to-carbon dioxide concentration ratio is determined as the ratio of MRSI signal amplitudes of ^13^C-bicarbonate and ^13^C-carbon dioxide after corrections for individual flip angle excitations.

Statistics {#sec2-8}
----------

ROIs for tumor and contralateral brain tissues were manually segmented on both 3 T and 9.4 T T2-weighted images using ITK-Snap \[[www.itksnap.org](http://www.itksnap.org), ([@B30])\] before image registration. Tumor volumes were measured from observer-drawn ROIs and interobserver variability was used for all volume errors. (Interobserver variability was calculated from a total of 4 observers, 5 examples, and 5 randomized, repeated measurements.) For each animal and time point, the mean and standard deviation for pH~i~ and pH~e~ were calculated from these ROIs (SPSS, IBM Corp., Armonk, NY). All pH errors represent 1 standard deviation of the weighted mean value. The statistical significance across pH~i~ and pH~e~ and each day was tested using analysis of variance with Tukey post hoc test and weighted data using the standard deviation of pH measurements. The correlation between pH gradient and tumor volume was tested using Pearson correlation.

Histology {#sec2-9}
---------

At the experimental endpoint, animals were euthanized and perfused with 4% paraformaldehyde (Sigma Aldrich, Miamisburg, OH). Perfused rat brains were paraffin-embedded and sectioned to 5-μm-thick sections. Then rat brain sections containing tumor were stained with hematoxylin and eosin, Ki67, and HIF1α. These sections were scanned with an AxioImager Z1 Upright Microscope (Carl Zeiss Canada, North York, ON, Canada). Those images were subsequently coregistered with the T2-weighted magnetic resonance images acquired at 3 T using Slicer (Version 4.31, Surgical Planning Laboratory, Brigham & Women\'s Hospital Boston MA) with a custom software plugin ([@B31]).

Results {#sec3}
=======

Of the 7 Wistar rats that were used in this study, 5 survived to the last imaging time point. The other 2 animals were euthanized before the final imaging time point because of neurological impairment related to tumor volume. All animals showed aggressive tumor growth throughout the study, which is an expected feature of the C6 glioma model ([@B19]).

Two animals from the cohort were chosen to demonstrate the observed changes in the pH gradient of tumor cells. The first representative animal is shown in [Figure 2](#F2){ref-type="fig"}. This animal did not survive to the final imaging time point but was scanned on days 8 and 12. Rapid tumor growth is evident in [Figure 2A](#F2){ref-type="fig"} and quantified in [Figure 2E](#F2){ref-type="fig"}. At day 12, the dark region within the tumor boundary on the T2-weighted image was indicative of extensive necrosis. Maps of pH~i~ and pH~e~ at both imaging time points are provided for comparison in [Figure 2B and 2C](#F2){ref-type="fig"}, and the average pH~i~ and pH~e~ for the tumor are provided in [Figure 2D](#F2){ref-type="fig"}. There was a statistically significant difference (*P* = .001) between pH~i~ and pH~e~ of the tumor at day 12. There was also a significant increase in pH~i~ of the tumor (*P* = .001) between days 8 and 12. However, there was no significant change in pH~e~ of the tumor (*P* = .107). A second representative case is shown in [Figure 3](#F3){ref-type="fig"}. This animal was scanned on days 8, 12, and 15 before sacrifice. This animal also exhibited a rapidly growing tumor as shown in [Figure 3A](#F3){ref-type="fig"} and quantified in [Figure 3E](#F3){ref-type="fig"}. Again, pH~i~ and pH~e~ maps of the rat brain are shown in [Figure 3, B and C](#F3){ref-type="fig"} and average pH~i~ and pH~e~ of the tumor are shown in [Figure 3D](#F3){ref-type="fig"}. Only at day 12 and 15 was there a statistically significant difference between pH~i~ (*P* = .001) and pH~e~ (*P* = .002) within the tumor. Tumor necrosis was not evident with T2-weighted MRI. Increased pH~i~ within the tumor was only significant (*P* = .001) at day 15. The pH~e~ of the tumor was significantly decreased (*P* = .001) at day 12 compared with that at day 8 but increased again by day 15.

![The progression of intra- and extracellular pH of a representative C6 glioma. Panels (A) (B) and (C) present the T2-weighted images, intracellular pH map, and extracellular pH maps of the rat brain, respectively, at days 8 and 12. Tumors are contoured in magenta. Quantification of changes of intra- and extracellular tumor pH (D). Statistical significance is annotated with letters (measurements with different letters are significant at *P* \< .050). Longitudinal tumor volume measurements (E). Interobserver variability was used for the error bar. A large region of necrosis within the tumor is evident on day 12 in panel (A). This animal was euthanized before the final imaging time point on day 15 owing to neurological impairment.](tom0011801110002){#F2}

![The progression of intra- and extracellular pH of a representative C6 glioma. Panels (A) (B) and (C) present the T2-weighted images, intracellular pH map and extracellular pH map of the rat brain, respectively, at days 8, 12, and 15. Tumors are contoured in magenta. Quantification of changes of intra- and extracellular tumor pH (D). Statistical significance is annotated with letters (measurements with different letters are significant at *P* \< .050). Longitudinal tumor volume measurements (E). Interobserver variability was used for the error bar.](tom0011801110003){#F3}

Longitudinal changes in average pH gradient and tumor volume of all animals are shown in [Figure 4](#F4){ref-type="fig"}. [Figure 4A](#F4){ref-type="fig"} shows the average pH~i~ of tumors and contralateral brain on days 8, 12, and 15. Between days, there was no significant difference for measured pH~i~ within either tumor or contralateral brain tissue; however, tumor pH~i~ was significantly larger (*P* = .001) than contralateral brain at all days. Similarly, [Figure 4B](#F4){ref-type="fig"} shows the average pH~e~ of tumors and contralateral brain on days 8, 12, and 15. There was no significant difference detected on day 8 between tumor and contralateral tissue. However, there were significant reductions (*P* =.001) in tumor pH~e~ on days 12 and 15 and a significant increase (*P* = 0.001) in contralateral brain pH~e~ on day 15. Significant differences between tumor and contralateral brain pH~e~ were observed on days 12 and 15 (*P* = .001). [Figure 4C](#F4){ref-type="fig"} illustrates the comparison between pH gradients in tumors and contralateral brain tissue on days 8, 12, and 15. The pH gradient within tumors increased significantly over the 3 imaging time points (*P* = .001). The pH gradient for contralateral brain regions did not change significantly over this period, but it was consistently less than that observed within the tumors. Finally, [Figure 4D](#F4){ref-type="fig"} shows the average tumor volume for days 8, 12, and 15. Tumor volumes significantly increased (*P* = 0.001) between imaging time points.

![Longitudinal changes in cohort-averaged pH measurements. Panels (A) and (B) show intracellular pH and extracellular pH in tumor and contralateral brain, respectively, measured on days 8, 12, and 15. Panel (C) compares cellular pH gradient between tumor and contralateral brain at those same days. Average gross tumor volume measured from T2-weighted imaging data (D). Interobserver variability was used for the error bar. All statistical significances (*P* \< .050) are annotated with letters.](tom0011801110004){#F4}

The association between tumor volume and pH gradient is plotted in [Figure 5](#F5){ref-type="fig"}. Averaging over all animals and time points, there was no significant correlation (*P* =.258). However, when tumors with extensive necrosis were excluded, tumor volume was correlated with pH gradient (*P* = .020) with a Pearson coefficient of 0.715.

![Correlation plot comparing pH gradient and tumor volume. Tumors that did not exhibit necrosis show a significant correlation (green line) between pH gradient and tumor volume (*P* = .020, Pearson correlation = 0.715)](tom0011801110005){#F5}

Histology for the second representative animal case is shown in [Figure 6](#F6){ref-type="fig"} with corresponding pH and imaging data. The T2-weighted image showed no clear sign of necrosis; however, necrotic parts of tumor were clearly distinguished from nonnecrotic parts by histology. The whole tumor region showed a relatively high pH~i~ and low pH~e~ compared with contralateral brain tissue. Hematoxylin and eosin staining revealed an extremely high density of cells within the tumor compared with normal brain tissue. Further, necrosis was formed within the core of the tumor. HIF-1 showed a higher expression in tumor compared with brain tissue, except within the necrotic region of the brain. Similarly, Ki-67 staining showed greater cellular proliferation in the tumor and no proliferation within the necrotic core and the brain tissue surrounding the tumor.

![Histology of the second representative animal shown in [Figure 3](#F3){ref-type="fig"}. The first column presents the tumor extent, pH~i~, and pH~e~ within the rodent brain. The tumor margin is outlined in magenta. The second column contains histology including hematoxylin and eosin, HIF-1α, and Ki-67 staining of tumor and brain tissue. The third column of images contains magnified histology of the regions outlined by respective boxes in column 2.](tom0011801110006){#F6}

Discussion {#sec4}
==========

The purpose of this longitudinal study was to map and quantify the change in tumor pH gradient using a rodent model of glioma. To the best of our knowledge, this is the first study to sequentially measure both pH~i~ and pH~e~ at multiple time points during tumor progression in an in vivo model. This enabled direct calculation of the cellular pH gradient within the tumor and surrounding tissue. Knowledge of changes in cellular pH gradient in tumors may be important for understanding biological changes in tumors (metabolism, vascularization, and proliferation) and informing on possible treatment strategies (chemo- and radiotherapies) ([@B8], [@B9]).

The C6 rat glioma is a highly proliferating and aggressive solid tumor ([@B19]). Tumor volumes increase rapidly as seen in [Figures 2](#F2){ref-type="fig"}--[4](#F4){ref-type="fig"}. Tumor imaging in some animals suggested necrotic cores as shown in [Figure 2A](#F2){ref-type="fig"}, which were also found and confirmed in histology ([Figure 6](#F6){ref-type="fig"}). Changes in tumor volume have been correlated to alterations in tumor pH ([@B32]). Hence, dynamic changes in tumor pH were expected commensurate with tumor growth. Owing to rapidly increasing tumor volumes, some animals did not survive to the study endpoint. For animals with rapidly growing tumors, a reversal of pH, as well as a correlation between tumor growth rate and change in tumor pH, was expected.

In general, pH~i~ and pH~e~ within tumors and contralateral brain tissue were observed to largely match with what has been previously reported in the literature. As shown in [Figure 4A](#F4){ref-type="fig"}, at day 15, tumor pH~i~ (7.30 ± 0.09) and tumor pH~e~ (7.19 ± 0.11) were similar to previously reported values (pH~i~ = ∼7.4 and pH~e~ = ∼6.9) ([@B7]--[@B9], [@B11], [@B12]). Similarly, measurements in contralateral brain tissue (pH~i~ = 7.01 ± 0.12 and pH~e~ = 7.46 ± 0.18) were also comparable with previously reported values (pH~i~ = ∼7.2 and pH~e~ = ∼7.4) ([@B7], [@B9], [@B10]). In addition, these in vivo measurements confirmed the change in pH gradient direction for tumor cells compared with those in contralateral brain tissue. However, it should be noted that the contralateral brain does not represent ideal normal tissue. Elevated intracranial pressure owing to the large tumor burden would likely have an impact on brain tissue pH ([@B33]). Although the contralateral brain region did exhibit a consistently negative pH gradient, this region of the brain would likely have been influenced by intracranial hypertension and inflammation ([@B34]). Measurements of the pH gradient (pH~i~ -- pH~e~) were observed to change sign as early as day 8 in tumors. This was approximately the earliest time point where tumor detection and measurement by MRI was reliable for this model.

For each animal, longitudinal measurements of pH~e~ and pH gradient within the tumor showed a significant decreasing and increasing trend (respectively) as illustrated in [Figures 2D](#F2){ref-type="fig"} and [3D](#F3){ref-type="fig"}. However, the average pH~i~ for all tumors did not show any significant trend in time. The trend in tumor pH~e~ suggests acidification of extracellular space, while the pH~i~ of tumor cells remains constant during tumor progression. These pH changes are a likely reason for the increase in tumor invasion and proliferation. Conversely, contralateral brain tissue showed no significant change until day 15 when tumors had invaded the other hemisphere of the brain. At this last time point, the contralateral brain tissue was able to maintain pH~i~, but pH~e~ homeostasis was no longer balanced perhaps because of increased edema and reduced perfusion.

These tumors exhibited a large heterogeneity in pH~i~ and pH~e~ as shown in [Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}. These variations could be due to several biological factors. During tumor progression, tumor metabolism undergoes extensive modification, but these metabolic changes are often not homogenous ([@B35]). Furthermore, the decrease in tumor pH~e~ induces inefficient and nonuniform vascularization ([@B36]), leading to further regional variation of pH~i~ and pH~e~ ([@B37]). Second, at the final time point, some tumors possessed necrotic cores as shown in the histology of [Figure 6](#F6){ref-type="fig"}. This can occur because C6 gliomas often form a necrotic core because of rapid tumor growth and limited supply of nutrients ([@B19]). After the tumor cell undergoes necrosis, the integrity of the cellular membrane is jeopardized, and there is no longer a valid distinction between intracellular and extracellular space ([@B38]). Therefore, pH~i~ and pH~e~ measurements in regions of necrosis would not properly represent tumor pH gradient. In this study, tumor necrosis could not be reliably defined with T2-weighted images. Furthermore, with limited imaging resolution and contrast, it was often difficult to identify necrotic regions before experimental endpoint with histology. Nevertheless, the reversal of pH gradient was observed at all time points when measurements were averaged over the entire tumor volume identified by T2-weighted imaging even though pH measurements were not statistically significant changing across time points.

For individual animals, the change in cellular pH gradient within the tumor was readily apparent. [Figure 2](#F2){ref-type="fig"} presents a representative animal that died before the final imaging time point. For this case, the tumor grew exceptionally fast, such that the animal suffered significant weight loss and dehydration. Furthermore, rapid tumor growth led to necrosis, which was observed as a hypointense region within the tumor boundary on the T2-weighted image ([Figure 2A](#F2){ref-type="fig"}). This was later confirmed as necrosis by histology. For tumor regions where increasing pH~i~ and decreasing pH~e~ was observed, this was likely a consequence of the tumor cells adapting to their microenvironment ([@B15]). This tumor also showed heterogeneous pH~i~ and pH~e~ throughout the tumor at day 12, particularly in regions where necrosis was suspected compared with the nonnecrotic portion of the tumor. This emphasizes the dynamic changes in both tumor pH~i~ and pH~e~. [Figure 3](#F3){ref-type="fig"} showed another representative case in which the animal survived to the last imaging time point. Unlike the previous case, longitudinal changes in tumor volume, pH~i~, and pH~e~ were less substantial. In this case, pH~e~ was significantly decreased for day 12 compared with that for day 8, but it significantly increased at day 15. Importantly, this tumor was later confirmed to have a substantial necrotic region by histology ([Figure 6](#F6){ref-type="fig"}), which is likely a factor for the larger range of regional pH measurements. Using only T2-weighted image data, it would be difficult to appreciate the full extent of the heterogeneity of the tumor and its environment. Regional maps of pH~i~ and pH~e~ facilitate the visualization of molecular and cellular changes linked to tumor progression in an individual animal.

A modest but significant correlation between tumor volume and pH gradient was observed for this cohort ([Figure 5](#F5){ref-type="fig"}). This correlation was only significant (*P* = .001) when necrotic tumors were excluded. This correlation between tumor volume and pH has been previously reported and these studies suggested a similar conclusion ([@B32], [@B39]). This correlation may explain increased tumor proliferation and invasion owing to changes in tumor microenvironment linked to pH.

The histology in [Figure 6](#F6){ref-type="fig"} further illustrates the effects of regional tumor pH. Regional differences in pH~i~ and pH~e~ compared with those in the contralateral brain corresponded well to the distribution of HIF-1α and Ki-67 measured by histology. In glioma, HIF-1α is upregulated and it further induces metabolic remodeling ([@B40]). Ki-67 is a marker for cellular proliferation. Thus, this histology finding shows a potential link between tumor pH gradient, hypoxia, and proliferation. Tumor heterogeneity is also speculated in both the pH maps and histology. The ability to detect and measure tumor proliferation is important for the prognosis of these tumors. In addition, *a priori* knowledge of tumor pH may be useful when used in a strategy of precision medicine to guide selection of an appropriate therapeutic agent on the basis of predicted intracellular uptake from the magnetic resonance-determined pH gradient.

In conclusion, this paper has shown longitudinal mapping of pH~i~ and pH~e~ in a rodent model of glioma. This is the first demonstration of noninvasive consecutive in vivo measurement of pH~i~ and pH~e~ at multiple time points during tumor progression. This study has shown that within a single tumor, there is a significant regional variation of both pH~i~ and pH~e~ within a tumor at a single time point. When these measurements were averaged for all animals at each time point, there was no statistically significant difference across time points. A statistical correlation between tumor volume and pH gradient was observed for nonnecrotic tumors. Highly proliferative regions of the tumor that can be observed by histology were associated with positive pH gradient. Regional molecular information such as pH~i~ and pH~e~ provide important information about longitudinal changes in the tumor environment. Knowledge of these changes may ultimately be useful to guide therapeutic choice for treatment of glioma or to assess treatment efficacy. In future work, this glioma model would be useful to monitor and understand the effects of therapy (such as radiotherapy and chemotherapy) and pH-altering drugs (such as dichloroacetic acid) on the tumor pH gradient.
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